T he development of photochemical reagents to cleave proteins with a high specificity is of intense interest because of their potential for applications in molecular biology, as well as for understanding biomolecular recognition with small ligands (1) (2) . Because of the extreme stability of the peptide bond (half life of Ϸ7 years at room temperature, pH 7) (3), the development of such reagents is challenging. One approach is to design small organic molecules (probes) that bind to proteins at specific sites with a high affinity and to use these chromophores to sensitize the photogeneration of reactive intermediates for protein cleavage (4) (5) (6) (7) (8) . An examination of a number of enzyme-substrate complexes indicates that chirality of the ligand is an important feature in the recognition of the binding site on a protein (9) , and hence the introduction of asymmetric centers at specific sites on a probe is a convenient handle to control recognition by photocleavage reagents (10) . Even though the enantioselective binding of substrates to enzymes and other biomacromolecules is well known, designing small organic molecules with high enantioselectivity for specific protein targets has been challenging (11) .
Binding of dansyl amino acids, drugs, and metal complexes to BSA, chymotrypsin, and other proteins results in only moderate selectivity (12) (13) (14) (15) (16) , and enantioselective binding of metal complexes to DNA is well documented (17) . Such chiral host systems are useful in separating the optical isomers of drugs, amino acids, metal complexes, and other organic molecules, indicating the utility of such recognition in chiral applications (12) (13) (14) (15) (16) . In most of these examples, the enantioselective binding of ligands to the target biomolecule is moderate, and the ratio of the binding constants of the enantiomers has been in the range 1. 15-3 (12-16) . The observed enantiomeric selectivity, however, was explained on the basis of steric, hydrophobic, and hydrogenbonding interactions between the ligand and the host, resulting in a tight fitting of the probe within the three-dimensional space of the host cavity (18) . Designing nonnatural ligands that bind to proteins with a high enantiomeric selectivity (Ͼ10), therefore, is challenging. Such an effort will help in understanding the role of chirality in biomolecular recognition and is central to the design of reagents targeted to cleave proteins at specific sites (4) (5) (6) (7) (8) 10) .
Site-specific photocleavage of proteins with high efficiency by using probes based on a pyrenyl chromophore coupled to an asymmetric center was reported recently (4) (5) (6) (7) (8) 19) . By linking a photoreactive chromophore to natural amino acids or short peptides, protein photocleavage at specific sites was demonstrated. Covalent linking of 4(1-pyrenyl)butyric acid to the N terminus of L-phenylalanine, for example, led to a photoprobe (Py-L-Phe, Scheme 1) that cleaves BSA or lysozyme at a single site with high quantum efficiency (0.25-0.003) (19) . The newly produced photofragments are amenable to sequencing, and BSA was cleaved by Py-L-Phe between Leu-346 and Arg-347. These residues are located in the interior of BSA, near the fatty acid-binding site, in domain II, subdomain C. In contrast, lysozyme was cleaved at a site exposed to the solvent, between Trp-108 and Val-109, away from the catalytic site. In addition to cleaving at a single site, the photoreaction did not alter the enzymatic activity of lysozyme, indicating the gentle nature of the cleavage chemistry toward the sensitive residues at the catalytic site (19) . Control over the location of the photocleavage site was demonstrated when additional residues were inserted between the pyrenyl chromophore and phenylalanine of 4(1-pyrene)-3-butyroyl-phenylalanine amide (Py-Phe) (20) . In these cases, the photocleavage was observed at sites that are further away from the Py-L-Phe cleavage site, and the distance of separation between the chromophore and Phe residue is important in determining the location of the photocleavage site.
The specificity of the protein photocleavage was attributed to the tight binding of Py-L-Phe at residues 346-347 in BSA and residues 108-109 in lysozyme such that the photophore reaches a single site in each of these cases. Such binding is expected to be sensitive to the three-dimensional architecture of the probe, and the single asymmetric center of Py-Phe could play a significant role in binding and recognition. This aspect is now investigated by using the enantiomer, Py-D-Phe, where Dphenylalanine is coupled to the pyrenyl chromophore. The role of the single asymmetric center present in Py-L-Phe in the recognition, as well as the photoreactivity properties of Py-Phe, are reported here.
A strong role of the chiral center in the recognition between the protein and Py-Phe is evident from the binding and photocleavage properties of these enantiomers. If the binding interaction is dominated by the pyrenyl chromophore, then the chiral center will play only a minor role, and the two isomers will have similar binding and cleavage properties. On the other hand, if the phenylalanine part of the probe contributes significantly to the binding interaction, then the chiral center is expected to have a strong influence on binding and possibly on cleavage properties. Preliminary results indicated that the binding constant of Py-LPhe with BSA is two orders of magnitude greater than the D-isomer, and the protein-bound enantiomers show dramatic differences in their spectral properties (10) . These initial studies are confirmed in this report by spectroscopic, photochemical, sequencing, and flash photolysis studies. The similarities and the differences in the properties of the two enantiomers allow us to draw definitive conclusions regarding the role of the chiral center in the recognition and the photocleavage properties.
Materials and Methods
Lysozyme (molecular weight 14,300) and BSA (molecular weight 66,267) (Sigma) solutions were prepared by dissolving appropriate amounts of the protein in 50 mM Tris⅐HCl buffer, pH 7.0. All solutions were freshly prepared and used on the same day. The absorption spectra were recorded on a Hewlett-Packard Model 8453 diode-array spectrophotometer, and calibration graphs were constructed by using Beer's law. Probe concentrations in our experiments were restricted to the linear region of the calibration graph. The molar extinction coefficients of Py-D-Phe matched with those of Py-L-Phe (33,000 M Ϫ1 ⅐cm Ϫ1 at 343 nm) (4) (5) (6) (7) (8) . The fluorescence spectra were recorded on a Perkin-Elmer LS5 spectrometer interfaced with an Apple Macintosh computer by using software developed in our laboratory. No excimer emission was observed from the probes in the 0-50 M concentration range. The absorption and fluorescence titrations were performed by keeping the probe concentration constant, while varying the protein concentration under airsaturation conditions. The pyrenyl probe was excited at the corresponding isosbestic point (344͞345 nm), and the fluorescence intensity has been monitored at 377 nm as a function of protein concentration. (15 M), containing Py-D-Phe (15 M) and Co(NH 3 ) 6 Cl 3 (CoHA, 1 mM) (total volume 100 l) was irradiated at 344 nm (at the pyrenyl absorption band) by using a 150-W xenon lamp attached to a PTI model A1010 monochromator. UV cutoff filter (WG-345; 78%T at 344 nm) was used to remove stray UV light. Samples were withdrawn periodically to test the progress of the photoreaction. Dark control samples were prepared under the same conditions as described above, except that the solutions were protected from light. Protein samples were evaporated under vacuum by using a SpeedVac (Savant, model ISS 110) for gel electrophoresis experiments.
SDS͞PAGE. The irradiated samples (100 l) were dried in a SpeedVac, and the sample was dissolved in the loading buffer (24 l) containing SDS (7% wt͞vol), glycerol (4% wt͞vol), Tris (50 mM, pH 6.8), mercaptoethanol (2% vol͞vol), and Bromophenol blue (0.01% wt͞vol). The protein solutions (8 l) were denatured by heating to boil for 3 min. The polyacrylamide gel was prepared by following the literature procedure (21) , and the samples were loaded for separation. To separate the reaction mixture containing BSA, 8% polyacrylamide (separating) gel was used while the lysozyme reaction mixture was separated by using a 12% polyacrylamide gel. The gel was electrophoresed by applying 60 V until the dye passed into the separating gel, and then the voltage was increased to 100 V. The gels were run for 2 h, stained, and destained as described earlier (19) .
Flash Photolysis Studies. Laser flash photolysis experiments used the light pulses (355 nm, Ϸ8 mJ͞pulse, 8 ns) from a SpectraPhysics GCR-150 Nd-YAG laser and a computer-controlled system described elsewhere (22) . Kinetic traces were monitored at specific wavelengths, the absorption spectra at various delay times were reconstructed from these traces, and the data were analyzed to extract transient decay kinetics.
Results and Discussion
The role of a single asymmetric center present in Py-Phe on its binding properties and protein photocleavage was examined here. The enantiomers differ in terms of their protein-binding affinities, spectral properties, and protein cleavage. Both isomers cleave the two proteins at identical sites but differ in terms of their yields, despite the differences in their binding behavior.
Absorption Titrations. The electronic absorption spectral features of the pyrenyl chromophore are sensitive to its microenvironment, and the absorption spectra undergo large changes on binding to proteins (23, 24) . ¶ Addition of lysozyme (0-10 M) to a solution of Py-D-Phe (10 M), for example, results in significant hypochromism (14% at 343 nm, Fig. 1A ). Such hypochromism is attributed to partial stacking of the aromatic residues of the protein with that of the aromatic pyrenyl chromophore. The absorption peak positions are unchanged, and they indicate a significant exposure of the pyrenyl chromophore to the solvent, in a manner similar to that of Py-L-Phe bound to lysozyme (20) . In contrast to this behavior with lysozyme, the binding of Py-D-Phe to BSA results in large red shifts of its absorption peak positions with isosbestic points at 315, 328, and 344 nm and hyperchromism. The absorption spectra of the Py-Phe optical isomers (8.8 M) in the absence and presence of BSA (10 M) are compared in Fig. 1B . The red shift of the absorption spectra suggests a hydrophobic environment surrounding the pyrenyl chromophore in BSA (23), ¶ in contrast to the analogous binding site in lysozyme. Although the absorption spectra of both the isomers undergo red shifts on binding to BSA, the D-isomer shows hyperchromism, and the L-isomer indicates hypochromism. The pyrenyl absorption bands, therefore, provide a sensitive spectroscopic handle to monitor the subtle differences in the probe environments. The absorption spectral data are used to construct the corresponding binding isotherms by using Eq. 1 (25, 26) , where r is the number of mols of probe bound per mol of protein, C f is the free probe concentration, n is number Table 1 . In contrast to the lysozyme data, the D-isomer binds to BSA at least two orders of magnitude weaker than the L-isomer, and the data highlight the differences in the two binding sites. Although the binding site of BSA is rigid, nonpolar, shielded from solvent, and prefers the L-isomer, the binding site of lysozyme is more flexible, polar, and readily accommodates structural variations. In addition to the differences in their selectivities with respect to these proteins, the enantiomers exhibit contrasting behavior in their spectral properties. whereas that of Py-L-Phe was strongly quenched (Fig. 3B) . Enhanced fluorescence yields on binding to proteins are generally expected, as in case of Py-D-Phe͞BSA, because of the protection of the probe from solvent, oxygen, and other quenchers (23, 24) . However, the presence of specific residues at the binding site that function as quenchers such as Trp or Tyr results in strong reduction of probe fluorescence, as in case of Py-LPhe͞BSA (20) . Another contrasting feature between the two probes is that no excimer or exciplex emission was observed when Py-D-Phe binds to BSA, whereas Py-L-Phe͞BSA shows a long wavelength band at 460 nm (20) .
The above scenario predicts longer fluorescence lifetimes for Py-D-Phe͞BSA and shorter lifetimes for Py-L-Phe͞BSA. These differences in the behavior of the optical antipodes are illustrated by their fluorescence decay profiles (Fig. 4) . Both isomers (2 M, air-saturated solutions, no BSA) indicate a single exponential decay with a lifetime of 105 ns, and the two data sets are indistinguishable. The fluorescence decays of the isomers, recorded in the presence of BSA (5 M), are clearly distinguishable and indicate a biexponential behavior. The data are fit satisfactorily to a sum of two exponentials with lifetimes of 213 ns (93%) and 52 ns (7%) for the D-isomer, and the L-isomer indicated lifetimes of 188 ns (94%) and 59 ns (6%). Although these differences in the lifetimes are only minor, both isomers have lengthened lifetimes for the major component and a shorter lifetime for the minor component. These data, along with the steady-state data, establish that Py-L-Phe f luorescence is quenched by the surrounding amino acid residues of BSA via a static mechanism but not that of the D-isomer. The binding sites 2 and 5) . (1 mM)]. The product yield reaches a maximum of Ϸ34% for lysozyme, whereas that for BSA reaches a maximum of Ϸ18%.
of the two isomers on BSA are distinguishable, whereas those on lysozyme are similar. These aspects are further examined in fluorescence quenching experiments, as these data provide information regarding the degree of accessibility of the pyrenyl chromophore to the solvent.
Fluorescence Quenching Studies. HexammineCo(III) chloride (CoHA) quenches Py-Phe fluorescence at diffusion controlled rates, and binding of the probe to the protein protects it from CoHA (20, 23, 24) . Quenching of Py-Phe fluorescence by CoHA, however, is essential to induce protein photocleavage (19) . Quantitating the differences in the accessibilities of the proteinbound isomers to CoHA, therefore, is important. The quenching constant (K sv ) obtained by plotting the ratio of intensity of probe fluorescence in the absence of the quencher (I o ) to the intensity in the presence of the quencher (I) as a function of CoHA concentration (Eq. 2) (27, 28) is a measure of the probe accessibility to CoHA.
The quenching constants obtained for both the isomers, in the absence of the protein and in the presence of BSA or lysozyme, are listed in Table 1 . Both isomers show quenching with equal efficiency in the absence of the protein, but in the presence of lysozyme (2 M) the fluorescence of the L-isomer (2 M) is quenched more efficiently than that of the D-isomer (2 M). In contrast, addition of CoHA enhances emission from Py-D-Phe (2 M) in the presence of BSA (2 M), whereas that of the L-isomer (2 M) is quenched weakly. These quenching data clearly indicate the subtle differences in the binding of the two isomers to lysozyme and BSA. On the basis of these data, one would anticipate the protein photocleavage yields to follow the order Py-L-Phe͞lysozyme Ͼ Py-D-Phe͞lysozyme Ͼ Py-L-Phe͞ BSA Ͼ Py-D-Phe͞BSA. The differences in the environments of the protein-bound probes are further examined in CD experiments.
CD Spectra. The CD spectra of the two isomers, in the absence of the protein, have a mirror-image relationship, and these spectra are expected to be sensitive to the chiral environment of the probes. Addition of BSA (55 M) to a solution of Py-L-Phe (30 M), for example, resulted in the inversion of the sign of the major peaks in the 320-to 360-nm region when compared with the free probe (20) , and a similar inversion has been observed with Py-D-Phe (Fig. 5) . The CD spectra of the two isomers, in the presence of BSA, are near mirror images, but these clearly show minor differences. The isomers are likely to experience different environments on these proteins, and these may cleave the protein backbone, on photoactivation, at distinct sites. The protein-bound pyrenyl probes, therefore, are used to cleave the protein backbone to determine their cleavage location and specificity. (Fig. 7 , molecular weight Ϸ40,000 and Ϸ28,000), and these products are similar to those obtained with Py-L-Phe (Fig. 7, lanes 6 and 7) . The electrophoretic mobilities of the fragments produced with both proteins, surprisingly, appear to be independent of the enantiomer used for the photocleavage. These results are in contrast to the spectral data presented above, suggesting that the cleavage specificity is robust in these systems. Photocleavage yields, on the other hand, vary between the isomers and depend on the type of protein (Fig. 8) . At early times or low conversions, the cleavage yields are in the order Py-LPhe͞lysozyme Ͼ Py-D-Phe͞lysozyme Ͼ Py-L-Phe͞BSA Ͼ Py-DPhe͞BSA, as predicted from the fluorescence quenching experiments. The differences diminish at high conversions, leading to the loss of chiral selectivity. The protein fragments are isolated, purified, and sequenced to examine whether the cleavage sites differ for the two isomers.
Amino Acid Sequencing Studies. The N-terminal sequencing of the 11-kDa fragment from lysozyme indicated residues LysValPheGly, and these correlate with the N-terminal residues of the lysozyme indicating that the 11-kDa band is at the N terminus of lysozyme. The N-terminal sequencing of the 3-kDa fragment from lysozyme indicated residues Val-Ala-Trp-Arg, which are present in the interior of lysozyme at residues 109-112, which tallies with the lysozyme segment after the cleavage of the 11-kDa fragment. The C-terminal sequencing of the 11-kDa fragment was not feasible, but the C terminus of the 3-kDa fragment indicated Leu, the C-terminal residue of lysozyme. Therefore, Py-D-Phe cleaves lysozyme at a single site between Trp-108 and Val-109 (Scheme 2), identical to that of Py-L-Phe, reported earlier (19) .
Similarly, the N-terminal sequencing of the 40-kDa fragment of BSA produced by Py-D-Phe indicated residues Arg-Thr-His, and these are identical to the N terminus of BSA. The N-terminal sequencing of the 28-kDa fragment, on the other hand, indicated an internal sequence Arg-Leu-Ala (Scheme 2). From the known primary sequence of BSA, we assign the photocleavage site for Py-D-Phe at Leu-346 and Arg-347 (Scheme 2), a site identical to that of Py-L-Phe (19) . The sequencing data reveal that both proteins are cleaved by Py-D-Phe with specificity (single site), and the cleavage sites are identical to that of Py-L-Phe. These results are in contrast to the differences seen in the spectral data of the optical isomers bound to BSA or lysozyme. This is a case where the physical properties of the protein-bound isomers differ, but their cleavage specificity is unaltered. To investigate the basis for the retention of the cleavage specificity, the excited state dynamics of the protein-bound probes are carried out in laser flash photolysis experiments. width) indicated the presence of several intermediates (Fig. 9A) . Ground-state bleaching at 350 nm, where the pyrenyl probes absorb strongly, and a strong transient absorption centered around 420 nm assigned to the triplet state of the probe (19) are evident. The weak absorption at 460 nm corresponds to the pyrene cation radical (19, 29, 30) , and overall the peak intensities͞positions are nearly independent of the isomer examined.
The transient decay kinetics at 420 and 460 nm indicate the lifetimes of the triplet and the cation radical to be Ϸ25 s (Fig.  9A Inset) and 43 s, respectively. These values are consistent with previous reports (19, 24) . In the absence of CoHA, both isomers produced the triplet as the major transient (Fig. 9B) , and the current results are consistent with the proposed mechanism of protein photocleavage (20) .
Both isomers cleave both proteins at a single site (specificity), and the differences in the cleavage efficiencies of the isomers͞ proteins correlate with the differences in the accessibilities of the protein-bound probe to CoHA. This observation leads to the conclusion that accessibility of the pyrenyl chromophore controls efficiency. Both proteins are cleaved at the same site, despite the differences in their binding modes. This result leads to the conclusion that both isomers access the same reactive site on the protein, irrespective of their binding modes, and the availability of specific reactive entities at the binding site controls the cleavage specificity. The size, rigidity, binding affinity, and hydrophobicity of the cation radical limit its ability to access reactive sites on the protein. Also, the availability of ␣ hydrogens, for example, for abstraction by the cation radical depends on the local three-dimensional structure of the residues surrounding the probe, their flexibility to expose the reactive hydrogen, and the mobility of the cation radical to explore its surroundings during its limited lifetime. The data, therefore, clearly demonstrate that these features, taken together, explain the site-specific photocleavage by the chiral probes.
